The lung is a highlyvulnerableorgan,open to attack from a variety of airborn agents: toxic gases, particles, aerosolized liquids, viruses, and bacteria. An impressive array of defense mechanisms thus stand guard to repel the invaders before they gain a beachhead. These defense mechanisms are ingenious and remarkably efficient, but they may be overcome even in the normal host. When this occurs, the lung itself is threatened and the systemic defenses of the body "scramble," like a division of the Strategic Air Command, to reinforce the local troops. The analogy to warfare may be melodramatic, but it is apt to describe the manner in which the respiratory tract repels continual assaults on its integrity.
DEFENSE MECHANISMS IN THE RESPIRATORY TRACT
The relative importance of the many defense mechanisms in the respiratory tract probably varies with the individual host and certainly varies with the nature of the threat.
The nose and nasopharynx may be likened to the sentinel, and gatekeeper. There are at least eight identifiable ways in which nasal mechanisms protect the lung: 1. Thermal regulation 2. Humidification 3. Filtration 4. Inertial impaction 5. Mucociliary transport 6. Delivery to lymphatic tissue 7. Absorption (soluble gases) 8 . Olefaction (avoidance behavior) The nasopharynx is an effective heat-transfer device which appears to warm inspired air before it enters the lungs and to conserve heat from expired air (1). It is equipped with an extensive vascular erectile mechanism under autonomic control for this purpose (2) . Humidification of inspired air may protect the lower respiratory airways from dessication. Filtration through nasal hairs and inertial impaction (while negotiating the 90' curve into the hypopharynx) removes the largest particles and thus reduces the burden on the mucociliary net. Mucociliary transport may clear the particle by delivering it to the oropharynx, where it may be expectorated or swallowed, or by delivering it to the accumulations of lymphoid tissue at Waldeyer's ring, where it may be attacked immunologically (1). The nasopharynx and the trachea are highly efficient "scrubbing" mechanisms for soluble toxic gases, absorbing large fractions of airborn agents such as ozone, nitrogen dioxide, sulfur dioxide, and ammonia before they reach the lower respiratorytract (3).Of great importance. and often overlooked, is the role of the nose in initiating avoidance behavior. The detection of noxious odors is clearly an evolutionary adaptive response; although many contemporary airborn threats, such as carbon monoxide. are odorless.
The mouth is often overlooked as a component of the upper respiratory tract. That is probably because its defenses work so well; if they did not, the upper airway would be threatened and the lung would be in danger. The primary known defense mechanisms of the mouth and oropharynx include (4): 1. Thermal regulation 2. Redox potential and pH 3. 
Salivary constituents
The mouth is kept at a relatively high temperature and a higher oxidizing potential than is optimal for many potential pathogens. The continuous secretion of fluid, which then flows posteriorly to be swallowed, and the constant shedding of superficial buccal epithelial cells mechanically cleanse the oral cavity. The commensual flora produce substances inhibitory to pathogenic bacteria. These are probably significant in supplementing the constituentsof salivawhich attack (immunoglobulins), digest (lysozyme) kill (lactoperoxidase), and agglutinate (glycoproteins) oral bacteria (5) .
I f external agents do penetrate the defenses of the upper airway, the lung is by no means defenseless. A strong "second line" of defense begins at the carina: The unique pulmonary defense against foreign bodies and accumulated mucus is appropriately pneumatic--coughing. This is a complex reflex which generates intrathoracic pressures of great magnitude to forcefully expel the offending irritant (6) . The same mechanism of inertial impaction which operates in the nasopharynx also works in the bronchial tree to filter out particles larger than about 3pm in aerodynamic diameter (7) .
Mucociliary transport is a complex process which plays a key role in the defense of the lungs. Cilia in the human respiratory tract measure about 5-8 um in length, 0.15-0.3p in diameter, and numer some 200 per ciliated cell (8) . The characteristic 942 filament internal structure of the cilium is associated at the base with the cell basal body and the filaments are firmly inserted into the cellular cytoplasm by 7. Alveolar fluid constituents "striated rootlets." The ratio of ciliated cells to goblet cells is about 5 : l in the respiratory epithelium. Ciliary propulsion of mucus is described as "antileptic metachronal," because successive waves of ciliary beats propel fluid in the opposite direction to the direction of the wave. The ciliary beats are energy-dependent and normally continuous, consisting of a propulsive stroke with the cilium straight followed by a recovery stroke with the cilium bent. The strokes are separated by a resting period and have a time ratio of 1 3 , the entire process requiring only about 0.05second (9) . Surrounding the cilia there is probably a less viscid periciliary fluid, with the characteristic that the transmission of energy to it is very efficient; its relaxation time relative to the ciliary beat would be such that the cilia beat on a viriual elastic solid (6, 1 0 , l l ) . The overlying mucus, heavy with glycoprotein, is a product of the goblet cell: but, the periciliary fluid may be a derivative of the alveolar fluid (11) . This transport process is exceedingly efficient and produces mucus velocities estimated to be 100-400~mm/sec (8) .
Detoxificaton processes, such as buffering inhaled acids, dissolving particles, and metabolizing inhaled toxins, are poorly documented. Nonetheless our understanding of the lung as a metabolic organ is just beginning and these functions may be much more important than previously thought (7, 12) .
Immune and immune-related mechanisms are very important in host defense in the lung, both locally and systemically if the offending agents win the initial local skirmish.
Secretory IgA is present in brochial secretions and IgG in alveolar fluid. Cellular immune functions may be direct, as cell-medicated cytotoxicity and the secretion of cytotoxic lymphokines, or mediated through other effector cells, particularly alveolar macrophages summoned to battle by chemotactic and migration-inhibitory factors. (The roles of macrophages will be further discussed below). Alveolar fluid also contains complement, although less than in serum. Of particular importance, protease inhibitors, chieflyg,-antitrypsin, act to prevent the battle from damaging innocent bystanders by reducing autolysis by proteases released from phagocytes (7) .
Of all the pulmonary defense mechanisms, however, perhaps the most versatile and surely the most rugged is the alveolar macrophage. This facultatively aerobic cell, derived from blood monocytes, is armed with a variety of lethal weapons (7, Phagocytosis and intravacuolar digestion by lysosomal enzymes are probably the best known functions of the alveolar macrophage. The cell also possesses a myeloperoxidase halide system similar. to that of polymorphonuclear leukocytes: this may also be an effective mechanism for killing bacteria. The macrophage also secreres a variety ot substances, including lysosomal enzymes for local extracellular digestion, interferon to protect against viral invasion, components of complement (at least C4 and C2), endogenous pyrogen. and informational molecules which coordinate the counterattack with lymphocytes. Alveolar macrophages are a sort of kamikase brigade sending waves of troops against a persistent enemy in the foreign body or tuberculous reaction (14) . The role of the alveolar macrophage in metabolic detoxification is enigmatic; the possibility exists that this could be a major defense mec hani sm (7,151 6) .
Finally, the alveolar epithelial cells themselves may also play some role in primary defense, but this possibility has not yet been adequately explored (17) .
These host defenses work remarkably well in the normal host, but they may be overcome, making the lung susceptible to injury and infection.
SMOKING
Cigarette smoking aside from its potential carcinogenic and cardiovascular properties, is perhaps the most obviously preventable of processes which impair the defenses of the respiratory tract. The smoke contains a number of acutely toxic substances, among them nitrogen dioxide, acrolein, carbon monoxide, cyanide, organic acids, and aldehydes (7, 9, 12) . Cigarette smoke is ciliostatic, although filtration t o remove the gaseous from the particulate phase greatly reduces toxicity to cilia (9, 10) . Chronic bronchitis, induced by smoking, has been associated with a much higher content of smaller-sized glycoproteins in mucus than i n normal controls (18) . The implications for mucociliary clearance of this change are unclear, but by decreasing the relaxation time of the mucus layer it might inhibit ciliary propulsion (8, 11) . The effect of cigarette smoke on the alveolar macrophage is dramatic: the cells are more numerous, lose many of their surface characteristics, and are drastically impaired in phagocytosis, migration inhibitory factor (MIF) responsiveness, and protein syntheis (7, 19) . The macrophages of smokers are also burdened with characteristic inclusions thought to be minute inhaled particles of kaolinite clay; this substance is a silicate and is cytotoxic t o macrophages (7, 19) . Smoking also depresses serum antibody responses to infection and may inhibit lymphocyte blastogenesis in lymphoid tissues (7) . It induces aryl hydrocarbon hydroxylase activity in macrophages, potentially interfering with detoxification mechanisms (18) .
In brief, cigarette spoking has a widevariety of effects on the defenses of the respiratory tract, all of them bad. Fortunately, it appears that the serious effects of smoking are restricted to the active smoker; passive exposure by nonsmoking members of smoking families does not appear to be associated with increased morbidity from respiratory disease AIR POLLUTION The role of air poll,ution in compromising host defenses is much less clear then the role of smoking. The constituents of air pollution vary between communities, but where mixed industrial and automotive emissions are the cause, (they usually include particulates (usually carbon with various absorbed elements such as lead), sulfur dioxide, hydrocar- bons, ozone, nitrogen dioxide, and carbon monoxide. Local communities may have additional important pollutants, such as asbestos fibers, peroxyacetyl nitrates, or metal fumes.
Sulfur dioxide, ozone, and nitrogen dioxide share a number of characteristics as toxic gases (10, 12) . They are ciliotoxic, especially when absorbed onto particulates, and lead to ciliary degeneration as well as stasis (7,9.10,12) . Macrophage functions, including phagocytosis, inteferon production, and intracellular killing, are reduced by somewhat higher concentrations of the gases, particularly nitrogen dioxide (7, 12) . These suggestive findings are supported by a growing body of experimental work which has documented bacterial clearance, reduced bacteriocidal activity, and increased clinical severity of both bacterial and viral lower respiratory tract infections after exposure to relatively low concentrations of nitrogen dioxide and sulfur dioxide (7, 12) . The public health implications of such depressed host resistance may be profound. The best available epidemiologic study to address the issue, the Chattanooga study, demonstrated an increased morbidity from respiratory diseases in children living in areas of the city where the ambient levels of nitrogen dioxide were higher (12) . In short, air pollution effects are exceedingly complicated and may be very subtle in their influence on host defenses. They are particularly important, however, because unlike cigarette smoking they result from an involuntary exposure of an entire, unselected population, sick and well, and their control is a matter of public policy rather than individual choice in habits.
ALCOHOL
The pharmacologic effects of alcohol may significantly compromise host defenses in the respiratory tract, compatible with the clinical observation that alcoholics are at increased risk of pneumonia (21) . Aside from the risk of aspiration during stupor or seizure, alcohol inhibits ciliary motility and tends to dehydrate mucus (9) . Acute alcohol excess also has a mild immunosuppressive effect on alcoholic individuals, reducing delayed hypersensitivity and antibody body response to an antigen; polymorphonuclear leukocyte chemotaxis is also impaired (21) . This, chronic alcohol abuse may well impair the host defenses of the respiratory tract in many ways.
PHARMACOLOGIC AGENTS
Asidg from the well-recognized immunosuppresive effects of antineoplastic agents and steroids, the effects of pharmacologic agents on host defenses in the respiratory tract do not seem to have attracted much attention (7) . Ciliary motility is unsynchronized but not stopped by local anesthetics such as lidocaine and procaine, but not tetracaine or dibucaine which, like inhaled anesthetics such as halothane, do suppress ciliary motility (9,lO) . Cocaine not only inhibits ciliary motility but may also inhibit the secretion of mucus. Hexylcaine also appears to be toxic to epithelial Cells, including goblet cells, in the respiratory tract. Pilocarpine stimulates mucus production, but does not appearto havean effect on ciliary motility (9) . Opiates, bartiturates, and possibly anticholinergics, given systemically, appear to decrease mucociliary transport (lo). Cilia are remarkably resistant to changes in pH, maintaining motility at pH values as low as 5.0, although motion is impaired below 5.70. On the other hand, cilia tolerate alkalinity as high as Ph 10.0 with no detectable impairment (22) . COLD TEMPERATURES Temperature extremes, short of frank hypothermia, do not appear to have much effect on the respiratory tract defenses. Over a wide range of temperatures of inspired air, there is little significant change in nasal mucus flow or airflow resistance (2) . Although lower temperatures in the air impinging on tracheal cilia are known to reduce ciliary wave frequency (23) , the nasopharynx has an elaborate mechanism for air warming that undoubtedly protects deeper structures (2) . Elaborate studies have shown no association between the attack rate, illness duration, viral shedding, or clinical severity of experimentally induced rhinovirus infections when the subject is in a warm or chilled environment (24) .
VIRAL INFECTIONS Viral infections may have a devastating, but fortunately reversible, effect on respiratory defenses. Rhinoviruses, adenoviruses, enteroviruses. parainfluenza, and respiratory synctial viruses appear to have similar effects. Mucus production is inhibited (9) and particulate clearance by mucociliary transport is impaired (24) . This is followed by extensive epithelial ciliated and goblet cell necrosis and desquamation (1, 9) . Viral infection may cause defects in intracellular killing capacity in alveolar macrophages, a plausible mechanism for bacterial superinfection (25) . Even viral illnesses interpreted as upper respiratory tract infections may indeed have significant effects on the lower respiratory tract (24) .
There are other ways in which the respiratory defenses of the normal host may be overcome. Occupational exposures are a major category, but will not be discussed here because the categorical list of agents is immense. In any one individual, the possibility also exists that normalcy is only subjective; subclinical abnormalities in host defenses may easily go undetected. Usually there is little reason t o press forward with a complete work-up unless there have been multiple episodes of respiratory tract infection. When the clinical picture is suspicious, however, immune deficiencies, cystic fibrosis, and Kartagener's syndrome may be uncovered.
The respiratory tract is a well-armed camp, but not invincible.
